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Proteus mirabilis is an opportunistic pathogen that is frequently associated with urinary tract infections. In the lab, P. mirabilis
cells become long and multinucleate and increase their number of flagella as they colonize agar surfaces during swarming.
Swarming has been implicated in pathogenesis; however, it is unclear how energetically costly changes in P. mirabilis cell mor-
phology translate into an advantage for adapting to environmental changes. We investigated two morphological changes that
occur during swarming—increases in cell length and flagellum density—and discovered that an increase in the surface density of
flagella enabled cells to translate rapidly through fluids of increasing viscosity; in contrast, cell length had a small effect on motil-
ity. We found that swarm cells had a surface density of flagella that was �5 times larger than that of vegetative cells and were
motile in fluids with a viscosity that inhibits vegetative cell motility. To test the relationship between flagellum density and veloc-
ity, we overexpressed FlhD4C2, the master regulator of the flagellar operon, in vegetative cells of P. mirabilis and found that in-
creased flagellum density produced an increase in cell velocity. Our results establish a relationship between P. mirabilis flagel-
lum density and cell motility in viscous environments that may be relevant to its adaptation during the infection of mammalian
urinary tracts and movement in contact with indwelling catheters.

Proteus mirabilis is a Gram-negative rod-shaped gammaproteo-
bacterium that is commonly associated with urinary tract in-

fections (1) and the biofouling of catheters (2–4). P. mirabilis may
also be present in the human gut microflora (5) and is correlated
with the incidence of colitis (6, 7). Broth-grown vegetative cells of
P. mirabilis are characteristically �2 �m long and have a
peritrichous distribution of �4 to 10 flagella. The flagella form a
bundle that performs work on the surrounding fluid and propels
cells forward via a mechanism that is similar to the motility system
of Escherichia coli (8, 9).

Broth-grown vegetative cells of P. mirabilis in contact with the
surface of agar gels infused with nutrients change their morphol-
ogy, become “swarmers,” and colonize the surface by coordinat-
ing the movement of large groups of cells (i.e., “swarming”) (see
Fig. 1A). P. mirabilis swarm colonies exhibit a terraced pattern of
concentric rings (see Fig. S1 in the supplemental material) (10).
These rings are produced by alternating phases of consolidation,
during which the colony does not expand and cells are dediffer-
entiated into a vegetative cell-like morphology, and swarming,
during which cells are motile and differentiated (11). Motility oc-
curs predominantly at the swarm front and decreases with in-
creasing distance from the front; cells near the center of the swarm
are nonmotile. Swarming has several characteristics, including the
following: (i) the inhibition of cell division to produce long (10- to
70-�m) multinucleate cells, (ii) an increase in the surface density
of flagella, (iii) the secretion of biomolecules that alter the surface
tension of water and extract a thin layer of fluid from the gel, and
(iv) the movement of cells in close physical proximity within the
thin layer of fluid (11–14). In this work, we investigated whether
cell length and flagellum density confer an advantage for swarm
cell motility.

Bacteria live at a low Reynold’s number, where viscous forces
play a central role in motility (15), and flagella enable P. mirabilis
cells to move through fluids at a relatively high energetic cost to
the cell (�2% of the total energy of the cell) (16). The motility of

vegetative bacterial cells increases as the dynamic viscosity of the
surrounding fluid increases; above a threshold that varies for dif-
ferent species of bacteria, cell velocity decreases rapidly (17–23).
The viscosity required for complete inhibition of motility varies
widely, with values ranging from 0.06 to �1 Pa · s (17). The rela-
tionship between velocity and viscosity can be explained in part by
treating the liquid as a loose, quasirigid network that increases the
resistance to cell movement in the direction normal to the cell
body (24). P. mirabilis vegetative cell motility in viscous liquids
has been investigated (25); however, little is known about the ef-
fect of increasing viscosity on the motility of swarm cells of bacte-
ria, including P. mirabilis.

In this work, we quantified the connection between motility,
cell length, and the surface density of flagella on P. mirabilis cells.
We tested the hypothesis that these phenotypes convey an advan-
tage for the movement of P. mirabilis swarm cells through viscous
fluids, including the extracellular environment found in swarms
(26, 27). We isolated and characterized populations of P. mirabilis
cells with the following combinations of cell length and flagellum
density: (i) short cells with a normal density of flagella (vegetative
cells), (ii) long cells with a normal density of flagella (elongated
vegetative cells), (iii) long cells with a high density of flagella
(swarm cells), and (iv) short cells with a high density of flagella
(consolidated cells). We quantitatively measured the motility of
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individual cells of each of these categories in liquids that had a
range of viscosities. These experiments enabled us to determine
the roles of cell length and flagellum density in bacterial cell mo-
tility in viscous environments.

Additionally, we examined the effect of overexpressing flhDC,
a well-established regulator of swarming, on cell motility. Tran-
sient upregulation of the flhDC genes during swarming contrib-
utes to the high density of flagella on P. mirabilis cells and may be
involved in regulation of cell division (28, 29). We hypothesized
that the additional expression of flhDC may increase the density of
flagella compared to that of wild-type (WT) cells and convey an
advantage in cell motility relative to wild-type swarm or vegetative
cells.

In this work, we demonstrated that the motility of P. mirabilis
cells in viscous fluids is correlated with the surface density of fla-
gella. Not only are swarm cells (long and hyperflagellated) faster
than vegetative cells; importantly, FlhDC-overexpressing vegeta-
tive cells (short and hyperflagellated) are also faster than wild-type
vegetative cells with a normal flagellum density. These results sug-
gest that an increase in flagellum density is important for P. mira-
bilis motility in viscous fluids and provide insight into the move-
ment of P. mirabilis cell types in the viscous environment of
swarming colonies.

MATERIALS AND METHODS
Bacterial strains and cell culture. P. mirabilis strain HI4320, a clinical
strain isolated from a patient with urinary catheter-associated bacteriuria,
was used for all of the cell motility studies in this work (30). The plasmid
pflhDC contains the flhDC genes from P. mirabilis inserted into
pACYC184 (a plasmid with a p15A origin and 10 to 12 copies per cell) and
encodes the expression of FlhD and FlhC, which are affinity tagged with
FLAG and His-6, respectively. We transformed plasmid pflhDC into wild-
type strain HI4320 via electroporation and selected transformants on LB
agar plates (3% [wt/vol]) containing chloramphenicol (34 �g/ml). We
grew bacteria in nutrient medium consisting of 1% (wt/vol) peptone
(Becton, Dickinson, Sparks, MD), 0.5% (wt/vol) yeast extract (Becton,
Dickinson), and 1% (wt/vol) NaCl (Fisher Scientific, Fairlawn, NJ) at
30°C in a shaking incubator. We used liquid nutrient medium containing
1.5% (wt/vol) Difco agar (Becton, Dickinson) for swarming assays.

Harvesting samples with different morphologies. We prepared cul-
ture medium for isolating swarm and consolidated P. mirabilis cells by
inoculating cells onto the surface of a 1.5% (wt/vol) Bacto Difco agar gel
infused with nutrient broth. Specifically, we pipetted 50 ml of hot swarm
agar into 150- by 15-mm petri dishes (Becton, Dickinson), solidified the
agar at 25°C for 30 min, and removed excess liquid from the surface by
storing the plates in a laminar flow hood for 20 min with the covers of the
dishes ajar. We inoculated each plate with 4 �l of a suspension of �4 �
105 P. mirabilis cells/ml. Following the absorption of the inoculum liquid
into the swarm agar (�20 min), plates were incubated at 30°C at 90%
relative humidity in a static incubator.

After 15 h of incubation, we harvested swarm cells from the smooth
leading edge of a migrating colony on an agar plate (see Fig. 1B) by re-
moving them carefully using a 1-�l calibrated inoculation loop (220215;
Becton, Dickinson). We harvested consolidated cells from the leading
edge of a colony that had a “fingered” appearance after 19 h of incubation.
Cells were rinsed from the inoculation loop into 500 �l of motility buffer
(0.01 M KPO4, 0.067 M NaCl, 10�4 M EDTA, pH 7.0, containing 0.1 M
glucose and 0.001% Brij-35) and centrifuged for 10 min at 1,500 � g. The
cell pellet was then resuspended as required for the various assays de-
scribed below.

Vegetative cells were prepared by growing P. mirabilis overnight at
30°C in a shaking incubator. Saturated overnight cultures were diluted
100-fold in 11 ml of fresh nutrient medium and grown in 150-ml Erlen-

meyer flasks at 30°C in a shaking incubator at 200 rpm. We observed that
the highest swimming velocity of vegetative cells occurred during station-
ary phase, so vegetative cells were harvested at an absorbance (� � 600
nm) of �3.2 and centrifuged. We harvested elongated vegetative cells by
diluting saturated overnight cultures 100-fold in 5 ml of fresh nutrient
medium and growing them at 30°C in a shaking incubator at 200 rpm to
an absorbance (� � 600 nm) of �1.1. Cells were diluted 5-fold with fresh
nutrient medium, aztreonam was added to a final concentration of 10
�g/ml, and cells were grown at 30°C in a shaking incubator at 200 rpm for
70 min. Cells were harvested and centrifuged.

Quantitative Western blotting. Samples of the eight different cell
morphologies of interest were harvested as described above. Samples were
then diluted in fresh medium to an absorbance of 0.75. Cells were lysed
using Novagen BugBuster master mix (Darmstadt, Germany) according
to the manufacturer’s instructions, and cell lysate was aliquoted and
stored at �80°C until use. One aliquot was used to determine the total
protein concentration using the Pierce bicinchoninic acid (BCA) protein
assay kit (Rockford, IL). Immediately prior to use, all samples were
thawed and diluted to a concentration of 500 �g/ml. To ensure that sam-
ples were within the range of the calibration curve, WT, pACYC, and
pflhDC swarm samples were further diluted by a factor of 20. WT consol-
idated and pflhDC vegetative samples were further diluted by a factor of 5.
To account for a nonlinear response of the detector, a range of dilutions
(from 1:5 to 1:200) of the 500-�g/ml WT swarm sample were also run on
each gel as a calibration curve. All samples were mixed 1:1 with Laemmli
sample buffer (Bio-Rad, Hercules, CA) and subjected to electrophoresis in
triplicate on three 12% polyacrylamide gels. Proteins were transferred to
nitrocellulose for 1.5 h at 100 V. The nitrocellulose was rinsed several
times with distilled water (dH2O) and blocked overnight at 4°C in 5%
nonfat dry milk in TBST (20 mM Tris, 137 mM NaCl, 1% [vol/vol] Tween
20, pH 7.6). Blots were washed 3 times, 5 min each, in TBST. Primary
antibody against FliC was diluted 1:20,000 in 5% bovine serum albumin
(BSA) in TBST, and blots were incubated in this solution for 1 h. Blots
were washed three times, 5 min each, in TBST. Goat anti-rabbit IgG sec-
ondary antibody conjugated to horseradish peroxidase (HRP) was diluted
1:75,000 in 2.5% nonfat dry milk in TBST, and blots were incubated in this
solution for 1 h. Blots were washed 3 times, 5 min each, in TBST. The
surface of each blot was then incubated in ECL Plus reagent (GE Health-
care) for 2 min, and blots were imaged using the ECL Plus setting on a
Typhoon FLA 900 scanner (GE Healthcare). Band volumes were quanti-
fied using ImageQuant (GE Healthcare). The data from each gel was cor-
rected using the calibration curve specific to that gel. Two identical gels
were run in parallel for each of three biological replicates.

Immunofluorescence microscopy of P. mirabilis flagella. We iso-
lated flagella from HI4320 cells to generate a polyclonal antibody to the
FliC1 protein. Flagella were removed and purified, following the method-
ology of Ibrahim et al. (31). The flagellin prep was lyophilized, and the
presence of FliC1 was confirmed via mass spectrometry (MSBioworks,
LLC, Ann Arbor, MI). Flagellin was sent to Rockland Immunochemicals,
Inc. (Gilbertsville, PA), for the immunization of rabbits and the produc-
tion of polyclonal antibody. The antibody was purified from serum by first
performing a buffer exchange using Zeba desalt spin columns (Pierce
Biotechnology, Rockford, IL) and then purifying IgG using a Melon gel
IgG purification kit (Pierce Biotechnology) according to the manufactur-
er’s instructions.

We performed immunostaining using a procedure modified from that
described by Wozniak et al. (32). Slides and coverslips were cleaned using
RCA solution, dried under a stream of nitrogen, and assembled into
chambers as described. Twenty microliters of poly-L-lysine was added to
each chamber, and the slide chambers were inverted for 3 min. Fifteen
microliters of culture, harvested as described above, was added twice to
each chamber, and the slide chambers were inverted for 3 min. Twenty
microliters of 1% formaldehyde in 1� phosphate-buffered saline (PBS)
was added to one side of the chamber (“side 1”), and the slide chambers
were inverted for 10 min. Twenty microliters of 1% formaldehyde in 1�
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PBS was added to the other side of the chamber (“side 2”), and the slide
chambers were inverted for 10 min. Twenty microliters of blocking buffer
(3% BSA and 0.2% Triton X-100 in 1� PBS) was added to side 1 of the
chamber. The slide chambers were inverted onto wooden dowels placed
in 150-mm petri dishes. The inner edges of the petri dishes were sur-
rounded with damp Kimwipes, and the petri dishes were covered, para-
filmed, and stored at 4°C overnight. The following day, primary antibody
was diluted 1:100 in blocking buffer. Twenty microliters of antibody so-
lution was added to side 1 of the chamber, and the slide chambers were
inverted for 1 h. Twenty microliters of antibody solution was added to side
2 of the chamber, and the slide chambers were inverted for 1 h. Twenty
microliters of washing buffer (0.2% BSA plus 0.05% Triton X-100 in 1�
PBS) was added to side 1 of the chamber. Secondary antibody (Alexa Fluor
488 goat anti-rabbit IgG; Invitrogen, Grand Island, NY) was diluted 1:50
in blocking buffer. Twenty microliters of antibody solution was added to
side 1 of the chamber, and the slide chambers were inverted for 30 min.
Twenty microliters of antibody solution was added to side 2 of the cham-
ber, and the slide chambers were inverted for 30 min. Twenty microliters
of washing buffer was added to side 1 of the chamber, followed by 20 �l of
1� PBS. Slides were sealed with VALAP (equal parts Vaseline, lanolin,
and paraffin wax) and imaged.

Following background subtraction, images were thresholded and
masks were created to block out the fluorescence from the cell bodies. The
flagellum-associated fluorescence (i.e., the total fluorescence within a cer-
tain distance from the cell) was then determined. Finally, the dimensions
of the cell were used to normalize the resulting data for surface area. To
validate our method, the flagella on each cell in the wild-type vegetative
samples were counted. Plotting fluorescence intensity per surface area as a
function of the number of flagella per surface area produced a linear
relationship with an r-squared value of 0.66.

Quantitative PCR. Samples of the eight different cell morphologies of
interest were harvested as described above. Two biological replicates of
each sample were collected and analyzed in triplicate technical replicates.
Cells were diluted in an ice-cold ethyl alcohol (EtOH)-phenol stop solu-
tion (5% water-saturated phenol) and immediately spun at 8,000 � g for
5 min at 4°C. After aspiration of the medium, the cell pellets were resus-
pended in Tris-EDTA (TE) buffer (pH 8.0) containing lysozyme and so-
dium dodecyl sulfate and heated at 64°C for 2 min. Following cell lysis,
total RNA was isolated using a hot phenol extraction followed by a chlo-
roform extraction step and finally an ethanol precipitation step. Samples
were then treated with DNase I to remove contaminating DNA before the
reverse transcriptase reaction. Isolation of total RNA was completed by
sequentially performing the following steps: one phenol extraction, one
phenol-chloroform (50:50) extraction, two chloroform extractions, and
finally an EtOH precipitation. Total RNA from each sample was quanti-
fied using a Nanodrop spectrophotometer (Thermo Scientific, Wilming-
ton, DE). An aliquot of each sample was subsequently diluted to 100
�g/ml in diethyl pyrocarbonate (DEPC)-treated water. RNA was con-
verted to cDNA using the Bio-Rad Laboratories iScript cDNA synthesis
kit (catalog number 170-8890). Quantitative PCR was performed using
the Bio-Rad iQ SYBR green supermix kit (catalog number 170-8880) and
the primers M316 (5=-TTTGCTTTTGGCGCAGAG-3=) and M317 (5=-G
TGCATCAGCCATAGAATCG-3=) for detection of flhD mRNA and
M319 (5=-GCGAAAGATATTCGCCTAGC-3=) and M320 (5=-AACGCC
CTCGACTTAATTGC-3=) for flhC mRNA. PCR and sample analysis were
performed using a Bio-Rad CFX96 Touch real-time PCR detection system
and the CFX Manager software program, respectively.

Preparation of PVP K90 solutions and rheology measurements. We
prepared a stock solution (�20% [wt/vol]) of polyvinylpyrrolidone
(PVP) K90 (average molecular mass � 360 kDa; Wako Pure Chemical
Industries, Ltd., Osaka, Japan) by dissolving 200 g of PVP K90 in glucose-
free motility buffer while heating and stirring vigorously. The solution was
filtered to remove colloidal material. We prepared solutions with lower
concentrations of PVP K90 (�10, 5, 2, 1, 0.5, 0.25, and 0.125% [wt/vol])
by diluting the stock solution in glucose-free motility buffer. PVP K90

solutions were autoclaved and cooled to room temperature, after which
glucose was added to a concentration of 0.1 M. Due to the difficulty of
accurately measuring large volumes of high-viscosity solutions, we per-
formed loss-on-drying experiments to determine the actual weight per-
centage of PVP K90 in each solution. The results of these measurements
are presented in Table S1 in the supplemental material.

We measured the viscosity of PVP samples at 25°C using a small sam-
ple adapter on a Brookfield DVIII rheometer. The polymer solutions were
approximately Newtonian and had a flow index coefficient of 0.9, as de-
termined by fitting the data with a power law model. We used a spindle/
chamber set that produced a torque above variance. The results of the
viscosity measurements are tabulated in Table S1 in the supplemental
material.

Measuring viscosity of PVP solutions by fluorescent bead diffusion.
Fluoro-Max-dyed red aqueous fluorescent particles (Thermo Fisher Sci-
entific Inc., Waltham, MA) with a diameter of 100 nm were diluted
1:1,000 from the stock into motility buffer. We then added 1 �l of the
particle solution to 50 �l of PVP solution. Samples were pipetted onto a
glass slide in the center of a grease ring, covered with a no. 1.5 glass
coverslip, and imaged at 25°C on a Nikon Eclipse 80i upright microscope
equipped with a black-and-white Andor LucaS electron-multiplying
charge-coupled-device (EMCCD) camera (Andor Technology, South
Windsor, CT). Images were acquired using an X60 ELWD oil objective
(Nikon plan fluor 60/1.40 oil Ph3 DM). Motility videos consisting of 150
to 500 frames were collected with a 33-ms exposure time (30 frames per
second). Images were collected using the Metamorph software program
(version 7.5.6.0; MDS Analytical Technologies, Downington, PA). We
determined the distance traveled by particles between two consecutive
frames using the Mosaic plugin (http://www.mosaic.ethz.ch/Downloads
/ParticleTracker) for the ImageJ software program (http://rsbweb.nih.gov
/ij/) and calculated the viscosity of each solution via the Stokes-Einstein
equation.

Measuring viscosity of swarming fluid. We prepared and inoculated
swarm plates as described above. After 16 and 18 h of incubation, we
examined the plates by microscopy to find a region of the swarm where
cells were no longer moving. Fluoro-Max-dyed red aqueous fluorescent
particles with a diameter of 100 nm were diluted 1:1,000 from the stock
into motility buffer, and �0.1 �l of this solution was pipetted onto a
nonmotile region of the swarm. The spot was covered with a no. 1.5 glass
coverslip and imaged at 25°C on a Nikon Eclipse 80i upright microscope
equipped with a black-and-white Andor LucaS EMCCD camera. Images
were acquired using an X60 ELWD oil objective. Videos consisting of 150
to 500 frames were collected with a 33-msec exposure time (30 frames per
second). Images were collected using the Metamorph software program,
version 7.5.6.0. We determined the distance traveled by particles between
two consecutive frames and calculated the viscosity of each solution as
described above.

Sample preparation for motility studies. Samples of the different cell
morphologies of interest were harvested as described above. Following
centrifugation, we removed the supernatant and suspended the cell pellet
in solutions of PVP K90 in motility buffer for cell velocity measurements.
We used positive-displacement pipettes (Rainin Instruments LLC, Oak-
land, CA) to dispense PVP solutions. Approximately 10 �l of a suspension
of cells was placed within a thin ring of Apiezon M grease (Apiezon Prod-
ucts M&I Materials Ltd., Manchester, United Kingdom) on a precleaned
glass slide and sealed with a no. 1.5 glass coverslip. We measured the
velocity of these cells as described in the section below. We found no
difference in cell velocity with precleaned glass slides and coverslips com-
pared to that with slides and coverslips treated with a 0.1% (wt/vol) solu-
tion of BSA. Therefore, all experiments were performed using untreated
glass.

Imaging P. mirabilis cells in viscous solutions. We imaged cells at
25°C on a Nikon Eclipse 80i upright microscope equipped with a black-
and-white Andor LucaS EMCCD camera (Andor Technology, South
Windsor, CT). Images were acquired using an X40 ELWD dry objective
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(Nikon Plan Fluor 40/0.60 dry Ph2 DM). Motility videos consisting of 300
frames were collected with the EM gain off and with a 33-ms exposure
time (30 frames per second). Images of cells were collected using Meta-
morph.

Velocity data analysis. We measured the velocity of individual cells
using a particle-tracking algorithm. Microscopy data were analyzed using
the MATLAB computing environment (Mathworks) by identifying the
centroid of each bacterium in successive frames and grouping those
points together to create a cell trajectory. We combined the position of the
cell at each interval in a cell track with the EMCCD frame rate to deter-
mine cell velocity. Using this script, we determined the length of each cell
and the average cell velocity over the entire track. Tracks that were shorter
than 30 frames (1 s) or had a cell displacement of �3 mm were generally
discarded, with the exception of those in the 8.34-Pa · s solution, in which
cells moved only very short distances.

Analysis of percentage of motile cells in a population. Videos gath-
ered for tracking individual cells for velocity analysis were also used for
determining the number of motile and nonmotile cells in a population.
We marked and counted all of the cells in the first frame of each video
using ImageJ. The video was played to determine whether the cells marked
in the first frame were motile (i.e., the cell actively swam in the viscous
motility buffer) or nonmotile (i.e., the cell exhibited only Brownian mo-
tion). The percentage of motile cells was calculated by dividing the num-
ber of motile cells by the total number of cells marked in the first frame of
the video.

RESULTS
Isolating populations of different cell morphologies. Previous
studies have concluded that P. mirabilis swarming involves a “life
cycle” consisting of three morphologically distinct cell types: veg-
etative cells, swarm cells, and consolidated cells (Fig. 1). To quan-
titatively determine how P. mirabilis cell morphology influences
motility, we analyzed the correlation between surface density of
flagella and cell velocity in these different types of cells. We there-
fore isolated populations of P. mirabilis vegetative cells—short
cells with a low density of flagella— by growing cells to stationary
phase in nutrient broth. Cells grown under these conditions had a
mean length of 2.5 � 0.6 �m (see Fig. S2 and Table S2 in the
supplemental material). Swarm cells—long cells with a high den-
sity of flagella—isolated from the edge of swarming colonies had a
mean length of 19.4 � 6.2 �m; �96% of the isolated cells were
�10 �m long (see Fig. S2) (33).

Because we were interested primarily in the effect of flagellum
density on motility, we needed to control for the difference in the
lengths of cells with these two phenotypes. To create filamentous
cells with a low surface density of flagella and a length that was
similar to that of swarming cells, we treated vegetative P. mirabilis
cells with aztreonam, an antibiotic that specifically inhibits peni-
cillin-binding protein 3 and arrests bacterial cell division (34). The
elongated vegetative cells we isolated and studied had a mean
length of 19.4 � 5.7 �m; 99% of the cell population had a length of
�10 �m, which made it consistent with the length of P. mirabilis
swarm cells in our studies (see Fig. S2 in the supplemental mate-
rial). Consolidated cells are predicted to have a length similar to
that of vegetative cells (35). We found that consolidated cells iso-
lated from the edges of colonies had a mean length of 5.3 � 2.6
�m; �95% of the cells were �10 �m long (see Fig. S2) (33).

Manipulating flagellum density. P. mirabilis consolidated
cells were longer than we had anticipated. Consequently, we
sought a method of producing cells with a high surface density of
flagella and a length that more closely matched that of vegetative
cells. To increase the density of flagella on vegetative P. mirabilis

cells, we controlled the expression of FlhD4C2, the master regula-
tor of flagellum biosynthesis. FlhD and FlhC form a heteromeric
complex (36) that activates class II flagella genes, including the
alternative sigma factor 	28, and leads to expression of class III
flagellum genes (37–39). FlhD4C2 also regulates the expression of
genes that are not related to flagellum biogenesis, including cell
division and aspects of metabolism (29, 40–45).

We isolated vegetative and swarm cells of P. mirabilis harbor-
ing a low-copy-number plasmid containing flhDC (pflhDC).
pflhDC-containing vegetative cells from broth cultures had an
average length of 3.0 � 1.0 �m. Swarm cells containing pflhDC
were harvested from agar plates and had an average length of 23.3 �
12.3 �m; 88% of the swarm pflhDC cells were �10 �m long (see
Fig. S2 in the supplemental material). Both vegetative and
swarm cells harboring pflhDC were slightly longer than the
corresponding cell types that did not contain pflhDC. pflhDC-
containing P. mirabilis cells colonized surfaces in a continuous
swarming phase and produced a colony with a structure that
lacked the usual terraced pattern of concentric rings (see Fig.
S1). This change in the community structure prevented us
from isolating cells in the middle of a defined swarming phase.
Instead, we harvested pflhDC-containing cells at the same time
as wild-type swarm cells. The lack of a defined swarm phase
complicated the isolation of a reproducible population of P.
mirabilis swarm cells containing pflhDC and may have in-
creased the variability of cell length.

FIG 1 (A) A cartoon of a current model for the P. mirabilis swarming life cycle
(adapted from Soft Matter (12) with permission of the publisher). Vegetative
cells in contact with an agar surface morphologically differentiate into swarm
cells, assemble into multicellular rafts, and move across the surface coopera-
tively. Swarm cells dedifferentiate into consolidated cells. (B) Bright-field mi-
croscopy images of the leading edge of a P. mirabilis swarm colony during
migration (left panel) and consolidation (right panel).
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Measuring surface density of flagella. To characterize the
morphologies of the different cell types, we performed quantita-
tive Western blotting and measured the amount of FliC—the pri-
mary protein forming the flagellar filament—in P. mirabilis cells.
As expected, the concentration of FliC in elongated vegetative cells
was approximately equal to that in wild-type vegetative cells. The
concentration of FliC in swarm and consolidated cells was 46-fold
and 14-fold greater, respectively, than that in vegetative cells (Fig.
2A; see also Table S2 in the supplemental material). Surprisingly,
these data revealed that consolidated cells have a concentration of
FliC that is greater than that of vegetative cells but lower than that
of swarm cells. Vegetative and swarm cells overexpressing flhDC
had 18- and 53-fold more FliC, respectively, than wild-type vege-
tative cells. Vegetative and swarm cells containing the empty vec-
tor pACYC184 were the same as their wild-type phenotypes (P 

0.05). Vegetative pflhDC cells have higher levels of flhDC mRNA
than wild-type swarm cells (see Fig. S3), and yet they express less
FliC. This observation suggests that other factors may play a role
in regulating flagellum biosynthesis during swarming.

To confirm the Western blotting results, we quantitatively
measured the surface density of flagella using immunofluores-
cence microscopy (Fig. 2B to H). The density of flagella on the
surfaces of swarm cells made it difficult for us to resolve the num-
ber of flagella using conventional epifluorescence microscopy
techniques. Instead, we used a MATLAB-based image analysis
script to quantify the total fluorescence of labeled flagella. The
script normalized fluorescence intensity according to the total

surface area of each cell, enabling us to measure flagellar surface
density. The data supported the trends we observed by quantita-
tive Western blotting. The density of flagella on elongated vegeta-
tive cells was nearly identical to that on wild-type vegetative cells.
Swarm cells had a 4.8-fold increase in the density of flagella com-
pared to that of vegetative cells; consolidated cells had a 2.8-fold
increase in flagella relative to that of vegetative cells (Fig. 2B). As
with the Western blot data, these results reveal that consolidated
cells do not have the same flagellum density as swarm cells. P.
mirabilis cells harboring the control empty vector pACYC184 dis-
played no change in flagellum density from that of wild-type veg-
etative cells (P � 1.0), while P. mirabilis vegetative cells trans-
formed with pflhDC had a surface density of flagella that was
3.2-fold greater than that for vegetative cells not harboring the
plasmid. As observed by Western blotting, pflhDC did not affect
the surface density of flagella on swarm cells (P � 0.36; Fig. 2B).
An approximately 10-fold increase in flhDC mRNA (see Fig. S3 in
the supplemental material) did not cause a detectable increase in
FliC.

Viscosity of the swarm. To determine how the viscosity of the
fluid environment of a swarming colony relates to the range of
viscosities in our study, we added 100-nm-diameter fluorescent
polystyrene particles to a nonmotile region of the swarm (to avoid
movement of the particles due to motile cells) and tracked their
movement. We fit the mean square displacement to the Stokes-
Einstein equation and determined that the swarm fluid had a vis-
cosity of 0.061 Pa · s. There were no significant differences between
data acquired from different plates, in different nonmotile regions
of the swarm, or at different time points. This value is in good
agreement with data demonstrating that the surfactant layer in an
E. coli swarm has a viscosity approximately 10-fold larger than that
of water (46). The viscosity of the swarm (0.061 Pa · s) is similar to
the viscosity of a 5% (wt/vol) PVP solution (0.08 Pa · s) (see Table
S1 in the supplemental material), and thus the range of viscosities
that we tested includes a value that is relevant to an environment
that P. mirabilis encounters during swarming on agar.

Measuring the velocities of different cell morphologies. We
determined the velocities of the different P. mirabilis phenotypes
in fluids with various viscosities using microscopy and particle-
based cell tracking algorithms. To manipulate the viscosity of the
fluid, we used the linear polymer polyvinylpyrrolidone (PVP),
which has been used frequently to control the microviscosity of
fluids around bacterial cells (18, 47). We varied the concentration
of PVP from 0 to 20% (wt/vol) in motility buffer to produce fluids
with viscosities ranging from 0.009 to 8.34 Pa · s. By comparing the
velocities of the different cell types, each with a different combi-
nation of length and flagellum density, we determined the effects
of both of these parameters on P. mirabilis cell velocity in viscous
fluids. Imaging was typically completed within 30 min after sam-
ple preparation; on this time scale, we did not observe the differ-
entiation of vegetative cells (48) or the dedifferentiation of swarm
cells in different PVP solutions.

We did not find an obvious relationship between cell velocity
and cell length for the cell morphologies and fluid viscosities that
we studied (Fig. 3). Analysis of the r-squared values for the corre-
lation between velocity and length under different conditions re-
vealed very small correlations in most cases (see Table S3 in the
supplemental material). However, for unknown reasons, the wild-
type vegetative cell type at 0.009 Pa · s, pflhDC vegetative type at

FIG 2 P. mirabilis swarm cells have a significantly greater flagellum density
than vegetative cells; consolidated cells have an intermediate density of flagella.
(A) Quantitative Western blot data. Equivalent amounts of total protein were
loaded for each sample. Each bar represents the mean for 3 independent bio-
logical replicates. Error bars represent the standard errors of the means. (B)
Immunofluorescence data. Fluorescence data were normalized by cell surface
area to represent the surface density of flagella. Each bar represents the mean of
48 to 135 measurements. Error bars represent the standard errors of the means.
(C to H) Representative images of cells labeled with an anti-FliC primary
antibody and an Alexa Fluor 488-conjugated secondary antibody: wild-type
vegetative (C), pflhDC vegetative (D), wild-type consolidated (E), wild-type
elongated vegetative (F), wild-type swarm (G), or pflhDC swarm (H).
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0.83 Pa · s, and pflhDC swarm type at 0.001 and 0.077 Pa · s had
r-squared values of �0.25.

The velocities of all cell types peaked at 0.009 Pa · s. However,
the mean velocity of wild-type swarm cells was significantly
greater than those of all other cell morphologies in solutions rang-
ing from 0.009 to 0.83 Pa · s (P � 0.0001). Swarm cells were motile
at 8.34 Pa · s, while wild-type vegetative, elongated vegetative, and
consolidated cells were not (Fig. 4A). Swarm cells were slower
than vegetative and elongated vegetative cells only in motility buf-
fer that did not contain PVP (viscosity � 0.001 Pa · s). We ob-
served no statistically significant differences between the mean
velocities of vegetative, elongated vegetative, and consolidated
cells in solutions ranging from 0.009 to 0.83 Pa · s (Fig. 4A).

In solutions with a viscosity of �8.3 Pa · s, an increase in
FlhD4C2 increased the velocity of vegetative cells by 15 to 61%
relative to that of the wild type. As a control, we examined cells
transformed with the empty vector pACYC184 and found that
their velocity was not statistically different from that of wild-type
cells (P � 0.24) in fluids with a viscosity of 0.009 Pa · s. Impor-
tantly, overexpression of FlhD4C2 rescued vegetative cell motility

at 8.3 Pa · s (Fig. 4B). Swarm cells containing pflhDC were either
the same as or slower than wild-type P. mirabilis swarm cells (Fig.
4B). As with wild-type P. mirabilis cells, swarm cells containing
pflhDC were motile in fluids with a viscosity of 8.3 Pa · s. In
conjunction with quantitative Western and immunofluorescence
data, the motility studies demonstrate that increasing flagellum
density on vegetative cells increases their velocity.

In addition to affecting the velocity of the motile cells in a
population of vegetative cells, we observed that overexpression of
FlhD4C2 affected the percentage of motile cells in the population.
To quantify this effect, we analyzed the number of motile cells
present in the first frame of the cell velocity videos. We discovered
that FlhDC overexpression dramatically increased the percentage
of motile vegetative cells in all of the PVP solutions we tested.
Motile vegetative cells increased by between 43 and 321% when P.
mirabilis cells contained pflhDC (Fig. 5), making the percentage of
motile vegetative cells approximately equivalent to the percentage
of motile swarm cells in all viscosities that we tested. Our imaging
experiments support these results, since we observed that a large
number of wild-type vegetative cells lacked flagella. Transforma-

FIG 3 Scatter plots showing the relationship between cell length and velocity for each of the cell morphologies used in this study. The symbols represent data
acquired in the following viscosity buffers: 0.001 Pa · s (�), 0.009 Pa · s (�), 0.077 Pa · s (Œ), 0.83 Pa · s (�), and 8.34 Pa · s (�).
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tion of vegetative cells with pflhDC produced a population in
which the majority of cells had flagella. Consistent with our ob-
servation that overexpression of FlhDC has no effect on swarm cell
flagellum density (Fig. 2), we observed that it has a minimal effect
on the percentage of motile swarm cells at higher viscosities
(�0.83 Pa · s) and no effect at lower viscosities (0.001 to 0.077
Pa · s). These data suggest that an increase in intracellular levels of
FlhD4C2 produces a population of vegetative cells that is opti-
mized for motility.

DISCUSSION

P. mirabilis cells inoculated on agar become morphologically dif-
ferentiated from vegetative cells. Genes required for swarming
motility and differentiation of P. mirabilis have been studied over
the last 2 decades (11, 33, 49, 50); however, the adaptive value of
this transformation has received less attention. The synthesis, as-
sembly, and actuation of flagella are energetically expensive and
require the expression of �40 genes (8, 39). In E. coli, much of this
energy is required for the synthesis of the flagella, which represents
�8% of the total protein synthesized by the cell (51). The increase
in the surface density of flagella on swarm cells suggests that this
energetic cost is presumably greater than that for vegetative cells.
Increasing the energetic burden on cells by increasing the density
of flagella should be supported by an adaptive advantage. One
hypothesis is that this phenotype facilitates cell motility in viscous
environments.

To test this hypothesis, we compared the motility of swarm
cells to that of vegetative cells. We examined the velocities of dif-
ferent cell morphologies, encompassing several combinations of
cell length and flagellum density, in solutions with a range of vis-
cosities (0.001 to 8.34 Pa · s). The swimming velocity data revealed
two interesting observations: (i) wild-type P. mirabilis swarm cells
are faster than cells with other wild-type morphologies in liquids
with a viscosity above 0.001 Pa · s, and (ii) wild-type P. mirabilis
swarm cells are motile at 8.34 Pa · s, which represents a viscosity
that inhibits the motility of the other wild-type cell morphologies
that we tested (Fig. 4A). There was no obvious correlation between
cell length and motility, which suggests that cell length is not a
dominant factor that influences swarm cell motility (Fig. 3). To
test whether increased flagellum density increased cell velocity, we
transformed cells with a plasmid (pflhDC) that constitutively ex-
presses flhD and flhC, the genes that encode the master regulator

FIG 4 (A) Plot depicting the swimming velocities of various wild-type P.
mirabilis HI4320 cell morphologies in motility buffer adjusted with various
concentrations of PVP to modify the viscosity. The lone data point at 8.34
Pa · s represents swarm cells; the other cell morphologies were not motile at this
viscosity. Swarm cells were significantly faster (P � 0.0001) than all of the other
morphologies in solutions ranging from 0.009 to 0.83 Pa · s. (B) Plot depicting
the swimming velocities of P. mirabilis HI4320 swarm and vegetative cells with
and without the plasmid pflhDC. The data points at 8.34 Pa · s are arranged left
to right in the same order as those for the other viscosities. A data point is not
included for wild-type vegetative cells at 8.34 Pa · s, since the cells were not
motile at this viscosity. The velocities of all cell types were significantly differ-
ent (P � 0.001) from that of each of the other cell types at viscosities of �8.34
Pa · s. For both panels, data are displayed as box-and-whisker plots, with a box
representing the range from the 25th to the 75th velocity percentile and a
horizontal line within the box representing the median. The bars denote 1.5
times the interquartile distance. Each data point represents measurements of
100 individual cells.

FIG 5 Plot depicting the percentages of motile cells for swarm and vegetative
cells with and without pflhDC in a range of viscous solutions. This graph
demonstrates that the overexpression of flhDC increases the percentages of
motile cells, independent of viscosity, for the vegetative morphology. Overex-
pression of flhDC also increases the percentage of motile swarm cells in higher-
viscosity solutions.
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of expression of the flagellar gene hierarchy (14, 39, 52). We found
that vegetative cells harboring pflhDC express higher levels of FliC
(Fig. 2A) and have more flagella (Fig. 2B). Importantly, these
pflhDC vegetative cells are faster than wild-type vegetative cells in
all of the viscous solutions we tested (Fig. 4B). Furthermore, these
pflhDC-overexpressing vegetative cells remained motile at 8.34
Pa · s, and the percentage of motile cells in the population in-
creased at all of the viscosities that we studied.

A range of values has been reported for the number of flagella
on P. mirabilis cells in different environments (49, 53, 54). How-
ever, it is unclear whether the reported values refer to the total
number of flagella or to flagellum density (i.e., the number of
flagella per unit surface area). Swarm cells are often reported to
have a density of flagella that is 50-fold greater than that of vege-
tative cells; however, this value is based on Western blot analysis of
FliC expression levels and the assumed correlation between the
total concentration of FliC and the number of extracellular flagella
(55–58). We report the first direct measurement of flagellum den-
sity using quantitative immunofluorescence microscopy. An ideal
approach to comparing flagellum density on swarm and vegeta-
tive cells would be to count individual flagella on the different cell
types. We found it challenging to count flagella on P. mirabilis
swarm cells and therefore developed an image-processing algo-
rithm that quantified the total fluorescence of fluorescently la-
beled flagella. Our estimation of flagellum density by Western
blotting and immunofluorescence microscopy highlights the
challenges of drawing conclusions about flagellum surface density
from measurements of total protein levels. The trends that we
observed by Western blotting—swarm cells have the highest con-
centration of FliC, followed by consolidated cells and pflhDC-
expressing vegetative cells—match our immunofluorescence data
(Fig. 3A and B).

We have demonstrated that swarm P. mirabilis cells have an
increased density of flagella compared to that of vegetative cells
(Fig. 2A and B). The magnitudes of the fold changes we observed
were different for the two techniques we used to determine flagel-
lum density. We found a 4.8-fold increase in flagellum density on
swarm cells compared to that of vegetative cells using immuno-
fluorescence microscopy and image analysis. In contrast, quanti-
tative Western blots demonstrated a 46-fold increase in flagellum
density, which is similar to previous reports (58). This discrepancy
may be partially explained by our Western blots quantifying total
FliC (both intra- and extracellular), whereas our immunofluores-
cence experiments measured only FliC on the outer cell surface.
We used an excess of anti-FliC antibody in our immunofluores-
cence experiments; however, it is possible that the close spatial
proximity of flagella on cells with a high density of flagella pre-
vented us from saturating the binding of antibodies to FliC. Steric
constraints may reduce the binding of antibodies to FliC on cells
with a high density of flagella and artificially decrease the fold
change compared to vegetative cells. Furthermore, it is possible
that a single antibody binds to a single flagellum when flagellum
density is low but binds to two adjacent flagella when flagellum
density is high, which would also decrease the observed fold
change of flagella on swarm cells relative to that of vegetative cells.
Additionally, we normalized the Western blots by loading an
equal amount of total protein in each lane; however, �50% of the
wild-type vegetative cells lack flagella, which reduces the amount
of FliC/total protein by approximately 2-fold. This artifact thus

inflates our calculation of the amount of FliC for the other cell
types by approximately 2-fold.

The differences in velocity between different cell types may be
explained by differences in flagellum density. In solutions with a
viscosity of 0.009 Pa · s or greater, swarm cells, i.e., the cells with
the highest flagellum density, were significantly faster (P �
0.0001) than all of the other wild-type cell morphologies that we
examined. Vegetative cells harboring pflhDC had in increased fla-
gellum density and displayed an increase in cell velocity at all
viscosities relative to wild-type vegetative cells but did not attain
the velocity of P. mirabilis swarm cells (except at 0.001 Pa · s). In
addition to flagellum density, other factors may be important for
cell motility. (i) The amount of torque generated by flagellar mo-
tors on swarm cells may be greater than that on vegetative cells. (ii)
The formation of multiple bundles along the length of the P.
mirabilis swarm cell, rather than a single bundle of flagella, may be
important for motility in viscous fluids. (iii) Differences in the
expression of genes that code for proteins involved in other pro-
cesses besides flagella may be responsible for the velocity of swarm
cells (M. F. Copeland and D. B. Weibel, unpublished microarray
data) (33, 59, 60). (iv) Differences in flagellum length may also be
important; however, we did not observe any obvious differences
in flagellum length between the different cell types that we studied.

In a broader context, it is possible that the motility advantages
displayed by P. mirabilis swarm cells in this study apply to other
species of swarming bacteria. We analyzed the motility of E. coli
strain MG1655 swarm and vegetative cells and observed that
swarm cells were significantly faster than vegetative cells in liquids
with a viscosity between 0.0024 and 0.0067 Pa · s (P � 0.0001) (see
Fig. S4 in the supplemental material). Interestingly, E. coli cells
were motile only in the lowest-viscosity motility buffers we used in
P. mirabilis studies (i.e., 0.001 to 0.009 Pa · s). These results are not
surprising, since the fluid viscosity required to inhibit cell motility
varies between species and even between different isolates or phe-
notypes of the same species (17, 20, 61).

Looking beyond E. coli and P. mirabilis, an analysis of the lit-
erature for 14 bacterial species that are known to swarm revealed
that cells increase their number of flagella during surface migra-
tion (with the exception of Yersinia enterocolitica) (see Table S4 in
the supplemental material). Of particular interest are several or-
ganisms, including members of Aeromonas, Azospirillum, Pseu-
domonas, Rhodospirillum, and Vibrio, that transform from using a
single polar flagellum during swimming to using multiple
peritrichous flagella during swarming. These data highlight the
importance of an increase in flagellar number rather than density;
however, they do imply that an increase in flagella is required, or at
least advantageous, for swarming motility. Studies of the motility
of these organisms in viscous environments may provide insight
into adaptive advantages of this phenotype.

Our results raise questions about the role of the morphological
changes that occur during swarming. The movement of swarm
cells is �2-fold faster than that of consolidated cells in fluids that
have a viscosity (0.080 Pa · s) that approximates our measurement
of the extracellular environment during swarming (0.061 Pa · s).
The differential rates of swarm and consolidated cell motility at
this viscosity may be important for establishing the structure and
organization of cells in swarming colonies. Since flagellum density
is apparently sufficient to enhance motility in viscous fluids, it is
unclear why P. mirabilis cells become long. One possibility is that
cell length influences and coordinates swarm cell motion (62, 63).
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We found that longer cells had straighter trajectories during their
movement through fluids, which we presume is due to a decrease
in rotational diffusion as cell length increases (see Fig. S5 in the
supplemental material). Elongated bacterial cells are also more
resistant to the host immune response during infection (64). Stud-
ies of the regulation of bacterial cell division may provide insight
into the role and advantage of cell length during swarming.
Framed upon the data in this article, studies of the role of cell
length regulation will enhance our understanding of the reasons
for the dramatic changes in cell morphology that occur during P.
mirabilis swarming.
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